The P-glycoprotein homolog of the human malaria parasite Plasmodium falciparum (Pgh-1) has been implicated in decreased susceptibility to several antimalarial drugs, including quinine, mefloquine and artemisinin. Pgh-1 mainly resides within the parasite's food vacuolar membrane. Here, we describe a surrogate assay for Pgh-1 function based on the subcellular distribution of Fluo-4 acetoxymethylester and its free fluorochrome. We identified two distinct Fluo-4 staining phenotypes: preferential staining of the food vacuole versus a more diffuse staining of the entire parasite. Genetic, positional cloning and pharmacological data causatively link the food vacuolar Fluo-4 phenotype to those Pgh-1 variants that are associated with altered drug responses. On the basis of our data, we propose that Pgh-1 imports solutes, including certain antimalarial drugs, into the parasite's food vacuole. The implications of our findings for drug resistance mechanisms and testing are discussed.
Introduction
Many developing countries are engaged in a battle against malaria, an infectious disease that is endemic throughout most of Africa, Southeast Asia and Latin America, where it causes an estimated 515 million clinical cases annually (Snow et al, 2005) . Options to control the spread of malaria are increasingly limited as widely used antimalarials are losing their efficacy, including the 4-aminoquinoline drug chloroquine and the folate antagonists pyrimethamine and sulfadoxine (Baird, 2005) . Moreover, reduced susceptibility has emerged to other antimalarials, including quinine, mefloquine, and possibly artemether (Baird, 2005; Jambou et al, 2005) .
In both microorganisms and tumors, drug resistance can arise from the presence of P-glycoproteins (P-gp) that are capable of extruding a broad range of structurally and functionally unrelated cytotoxic agents (Borges-Walmsley et al, 2003) . P-gp belong to the ABC (ATP-binding cassette) transporter superfamily and are encoded by mdr genes. The human malaria parasite Plasmodium falciparum possesses an mdr homologue (pfmdr1) whose gene product, Pgh-1, is expressed during intraerythrocytic development of the parasite (Foote et al, 1989; Wilson et al, 1989) . Pgh-1 has a domain structure typical of P-gp, with two homologous domains, each comprising a hydrophobic membrane-associated segment with six transmembrane domains followed by a hydrophilic nucleotide binding fold. Pgh-1 is mainly localized to the membrane of the parasite's acidic food vacuole (Cowman et al, 1991; Cremer et al, 1995) , with its ATP binding domain facing the cytoplasm (Cowman et al, 1991; Karcz et al, 1993) .
pfmdr1 has been implicated in several drug resistance phenotypes. For example, a comprehensive clinical study has shown a strong association between pfmdr1 amplification and mefloquine treatment failure and in vitro resistance (Price et al, 2004) . pfmdr1 amplification is further associated with in vitro resistance to halofantrine and quinine (Wilson et al, 1993; Cowman et al, 1994) . Furthermore, polymorphisms at amino-acid residues 86, 184, 1034, 1042 and 1246 have been associated with altered in vitro susceptibility to chloroquine, quinine, mefloquine and artemisinin (Duraisingh et al, 2000; Reed et al, 2000; Ngo et al, 2003; Pickard et al, 2003; Sidhu et al, 2005) . In particular, the N 1042 D substitution seems to play a prominent role in lowlevel quinine resistance (Sidhu et al, 2005) , while the N 86 Y substitution has been implicated in contributing to lumefantrine and high level chloroquine resistance (Duraisingh and Cowman, 2005; Sisowath et al, 2005) . How Pgh-1 affects drug phenotypes is largely unclear. Pgh-1 may directly transport drugs, either out of or into the food vacuole, or alternatively, Pgh-1 may indirectly influence drug partitioning as a result of altered transport of other substrates (reviewed in Duraisingh and Refour, 2005) .
Fluorochromes such as fluorescein acetoxymethylester (AM) derivates have been widely used in imaging and in surrogate assays of P-gp function in normal and malignant cells (Szakacs et al, 1998) . Fluorescein AM derivates are hydrophobic, cell-permeant substances that only fluoresce after AM hydrolysis by intracellular esterases (Szakacs et al, 1998) . Cells expressing P-gp expel the nonfluorescent probe, resulting in decreased accumulation of the fluorescent dye in the cytoplasmic compartment (Szakacs et al, 1998) . As the free fluorochrome is a poor substrate, P-gp transport activity can be quantitatively assessed by measuring the net accumu-lation of intracellular fluorescence, thereby providing information regarding P-gp protein levels and the directionality of transport (Szakacs et al, 1998) . Here, we present genetic, positional cloning and pharmacological evidence suggesting that Pgh-1 mediates solute import into, as opposed to solute efflux from, the food vacuole. Moreover, our data suggest that the Fluo-4 staining pattern provides a live cell surrogate assay for Pgh-1 variants associated with altered drug responses. Figure 1A depicts fluorescent images of different P. falciparum parasites loaded with Fluo-4 AM under standardized conditions. While the Dd2, K1 and FCB parasites showed a bright Fluo-4 fluorescence in the food vacuole and a weak fluorescence in the cytoplasm, the HB3, NF54 and 7G8 parasites revealed a distinctly more diffuse staining pattern of the entire parasite. The acidic food vacuole of the parasite was localized using the acidotropic dye LysoSensor Blue DND-192 (LS Blue) (Wissing et al, 2002; Rohrbach et al, 2005) . The clonal variations in Fluo-4 staining were confirmed by quantifying the fluorescence intensities in the food vacuole and cytoplasm ( Figure 1B) . Both values differed significantly between the two sets of parasites, with Dd2, K1 and FCB having higher food vacuolar and lower cytoplasmic Fluo-4 fluorescence as compared to HB3, NF54 and 7G8. Accordingly, the ratio of the food vacuolar over cytoplasmic fluorescence (R vac/cyt ) differed two-to three-fold between these two sets of parasites ( Figure 1C) .
Results

Clonal variation in Fluo-4 live cell imaging
As Fluo-4 fluorescence is calcium-dependent, with the fluorescence increasing with rising free calcium concentrations ([Ca 2 þ ] i ), we wondered whether the differences observed in Fluo-4 live cell imaging were due to variations in intracellular Ca 2 þ homeostasis. Since Fluo-4 is a nonratiometric Ca 2 þ indicator, calibrating the fluorescence signals is difficult. In a previous study, we used the ratiometric fluorophore Fura-Red AM to quantify free [Ca 2 þ ] i in different subcellular compartments of the parasite and observed that Fura-Red, in a confocal setting, provided reliable and robust recordings of both steady-state and dynamic free [Ca 2 þ ] i (Rohrbach et al, 2005) . We applied this method to a representative number of parasites. No significant differences in cytoplasmic or food vacuolar free [Ca 2 þ ] i were found between the examined parasites Dd2, K1, HB3 and NF54 (P40.05) ( Table I ). The free [Ca 2 þ ] i values measured were consistent with previous determinations (Biagini et al, 2003 (Biagini et al, , 2005 Rohrbach et al, 2005) .
Genetic linkage of the Fluo-4 phenotype to pfmdr1
We next investigated the Fluo-4 fluorescence pattern in 16 genetically distinct progeny from a cross between Dd2 and HB3 (Wellems et al, 1990; Su et al, 1999) (Figure 2A ). Quantitative trait locus (QTL) analysis revealed a locus on chromosome 5, with the highest LOD score of 46 associated with the pfmdr1 marker ( Figure 2B (Figure 2A) . To assess the possible linkage with other loci, a secondary scan was performed with the effect of pfmdr1 removed. No other significant QTL was found ( Figure 2C ).
To investigate whether pfmdr1 itself plays a role in the Fluo-4 phenotype, we examined the effect of established P-gp inhibitors on the subcellular Fluo-4 fluorescence pattern. For Dd2, addition of P-gp inhibitors before and during loading with Fluo-4 AM significantly altered the Fluo-4 fluorescence pattern. The preferential staining of the food vacuole over the cytoplasm was substantially reduced in the presence of cyclosporine A (CSA, 10 mM), a first generation P-gp inhibitor, and was completely ablated in the presence of the third generation P-gp inhibitors ONT-093 (ONT, 1 and 10 mM) and XR-9576 (XR, 3 nM and 3 mM) ( Figure 3A and B) . In the case of XR-9576, a concentration of as low as 3 nM sufficed to render the Fluo-4 fluorescence image similar to that of HB3. Verapamil (VP, 30 mM) did not significantly affect the Fluo-4 staining pattern ( Figure 3A and B). For HB3, P-gp inhibitors had no significant effect on the Fluo-4 staining pattern ( Figure 3B ) and a diffuse staining of the entire parasite remained.
Pgh-1 overexpression enhances food vacuolar Fluo-4 staining
The pfmdr1 loci of HB3 and Dd2 differ not only regarding polymorphisms (see above) but also regarding copy number (1 versus 3-4, respectively). Taking this into account, we found that the food vacuolar phenotype, in addition to being linked with the Dd2 pfmdr1 allele, was further associated with an increased pfmdr1 copy number in the progeny of the HB3 Â Dd2 cross ( Figure 4A ), with the exception of TC08, which contains only one pfmdr1 gene. Using quantitative real-time PCR, we generally confirmed the published pfmdr1 copy numbers (Wellems et al, 1990) , although quantitative real-time PCR indicated lower values for B1SD, 3BB1 and Dd2 ( Figure 4A , Supplementary Table I) .
The correlation between pfmdr1 copy number and the Fluo-4 phenotype improved when directly assessing the Pgh-1 protein level. Pgh-1 amounts were quantified by Western analysis, normalized against a-tubulin and expressed in relation to the Pgh-1 level of HB3. All progeny with a diffuse Fluo-4 staining pattern contained the HB3 pfmdr1 allele and had Pgh-1 protein levels comparable to that of HB3, whereas all progeny with a bright food vacuolar staining contained the Dd2 pfmdr1 allele and had 1.5-to 3.0-fold higher Pgh-1 protein levels, including TC08 ( Figure 4B , Supplementary Table I) .
To better assess the contribution of Pgh-1 protein levels to the Fluo-4 phenotype, we examined the parasite FCB and its isogenic clone KD1 mdr1 , in which one of the two pfmdr1 gene copies present were destroyed by insertional knockout mutagenesis (Sidhu et al, in press Figure 4C and D) . In KD1 mdr1 , the Pgh-1 protein level was reduced to 0.970.1 and the Fluo-4 R vac/cyt value to 2.270.1, yet the food vacuolar staining phenotype remained (Figure 4C and D) . This finding suggests that Pgh-1 levels contribute to the extent of the food vacuolar Fluo-4 staining by increasing the Fluo-4 R vac/cyt values. However, Pgh-1 levels do not determine the Fluo-4 staining phenotype, as parasites ). GC03, 3BA6 and their corresponding recombinant controls SDD GC03 and SDD 3BA6 that retain the original HB3 (Churchill and Doerge, 1994) . The P. falciparum chromosomes are indicated.
pfmdr1 allele revealed the diffuse Fluo-4 staining phenotype of HB3 and a similarly low R vac/cyt value ( Figure 5A ). The clones SND GC03 and SND 3BA6 , which no longer harbor the N 1042 D polymorphism in Pgh-1, showed the food vacuolar Fluo-4 phenotype and a significantly higher R vac/cyt value ( Figure 5A ). The clones CDY GC03 and CDY 3BA6 , which encode the three C-terminal polymorphisms S . As controls we investigated previously described pfcrt allelic exchange mutants that have a GC03 background and that encode different pfcrt alleles found in chloroquine resistant parasites (Sidhu et al, 2002) . No significant changes in the Fluo-4 staining phenotype were observed as compared to the parental clone GC03 ( Figure 5B ). This finding was in agreement with the QTL analysis that did not reveal significant linkage of the Fluo-4 phenotype with polymorphisms within pfcrt (present on chromosome 7; Figure 2C ).
Substrate specificity of Pgh-1 and competition of Fluo-4 accumulation by antimalarial drugs
When erythrocytes infected with Dd2 were incubated with Fluo-4 salt instead of Fluo-4 AM, no fluorescence was observed in the parasite's cytoplasm or food vacuole ( Figure 6A ). This finding is consistent with the membraneimpermeable nature of the dye (Gee et al, 2000) . However, in saponin and digitonin permeabilized Dd2 infected erythrocytes (Saliba et al, 2003) , a strong fluorescence was seen in the food vacuole using both Fluo-4 salt and Fluo-4 AM ( Figure 6B ). The food vacuolar fluorescence depended on the addition of 2 mM ATP (in the case of the membrane permeable Fluo-4 AM fluorescence increased seven-fold), and could be inhibited by XR-9576 (3 mM) as shown for Fluo-4 salt ( Figure 6B ). Cell permeability was verified using trypan blue, which stained the cytosol of permeabilized cells but was excluded from the food vacuole under the experimental conditions used (data not shown).
We tested whether Fluo-4 fluorescence was affected by the presence of antimalarial drugs implicated as potential Pgh-1 substrates. For this, we incubated infected erythrocytes with 5 mM Fluo-4 AM and 100 nM of chloroquine, mefloquine, halofantrine, quinine or artemisinin, corresponding to a 50-fold excess of Fluo-4 AM. The Fluo-4 AM concentration was kept at 5 mM to maintain experimental consistency throughout the study. In HB3 and 3BA6, the Fluo-4 fluorescence was unaffected by the addition of these antimalarial drugs ( Figure 6C ). In comparison, significant decreases in Fluo-4 R vac/cyt values were observed for Dd2 and SND 3BA6 parasites in the presence of mefloquine, halofantrine, quinine or artemisinin (the latter was only tested for Dd2 and HB3), whereas no significant change occurred in the presence of chloroquine ( Figure 6C ). To validate this finding, we selected quinine and tested different concentrations ranging from 0 to 500 nM. The Fluo-4 R vac/cyt value responded to increasing concentrations of quinine in Dd2, but not in HB3 ( Figure 6D ). Table II) . NS, not significant as compared to GC03, 3BA6, 7G8 or D10. Means7s.e. of over 12 independent determinations collected over several days are shown. (B) Fluo-4 staining images and Fluo-4 R vac/cyt ratios observed in different pfcrt allelic exchange mutants (Sidhu et al, 2002) . C4 Dd2 and C6 7G8 contain the Southeast Asian/ African and Latin American pfcrt alleles from Dd2 and 7G8, respectively (Sidhu et al, 2002) . GC03 is the parental clone and C2
GC03 is a control retaining the pfcrt allele of GC03. NS, not significant (compared to GC03). The means7s.e. of over 14 independent determinations collected over several days are shown. **Po0.001; NS, not significant. Bar, 5 mm.
Discussion
We have identified and characterized two distinct Fluo-4 staining phenotypes in P. falciparum-infected erythrocytes. Some parasites, including HB3, showed a diffuse fluorescence of the entire parasite, whereas other parasites, such as Dd2, revealed an intense Fluo-4 staining of the food vacuole and only a weak cytoplasmic fluorescence ( Figure 1) .
As Fluo-4 is a non-ratiometric Ca 2 þ indicator, we considered the possibility that the differences in Fluo-4 staining patterns reflect strain variations in Ca 2 þ homeostasis. However, no significant differences in food vacuolar or cytoplasmic free Ca 2 þ concentrations were observed in the four representative parasites investigated. (Biagini et al, 2003 (Biagini et al, , 2005 Rohrbach et al, 2005) .
The fluorescence intensity of Fluo-4, unlike that of FuraRed, is pH sensitive (Rohrbach et al, 2005) . There are reports suggesting differences in the standing food vacuolar pH between HB3 and Dd2 of 5.7 and 5.2, respectively (Dzekunov et al, 2000; Bennett et al, 2004) , although these studies have been controversial (Bray et al, 2002; Wissing et al, 2002; Hayward et al, 2006) . Even if these food vacuolar pH values are considered, this cannot explain the two-fold higher food vacuolar Fluo-4 fluorescence of Dd2. In the acidic range up to pH 6.0, the Fluo-4 fluorescence intensity increases with pH (Rohrbach et al, 2005) , thus predicting a lower food vacuolar fluorescence for Dd2, which is contrary to our observation. An alternative model to explain the Fluo-4 phenotypes involves altered fluorochrome handling. Fluo-4 belongs to a group of structurally related fluorescein derivatives that, when present as AM, are known substrates of multidrug efflux systems (Homolya et al, 1993; Brezden et al, 1994; Nelson et al, 1998; Szakacs et al, 1998) (Figure 7A ). Our finding that, in Dd2, the Fluo-4 staining pattern responded to several established P-gp inhibitors, yielding a staining pattern similar to that of HB3, provided evidence for mechanistic similarities to dye transport in tumor cells. The very characteristic pharmacological profile-partially sensitive to CSA and highly sensitive to the third generation P-gp inhibitors ONT-093 and XR-9576 at concentrations as low as 3 nM (for XR-9576)-suggests that the proposed carrier belongs to the family of multidrug resistance transporters. The observed segregation of the Fluo-4 staining phenotype with pfmdr1 in the genetic cross between HB3 and Dd2 supports this model. The LOD score of 46 suggests strong linkage with pfmdr1. Indeed, all progeny displaying a food vacuolar staining phenotype have the Dd2 pfmdr1 allele whereas all progeny with a diffuse staining pattern inherited the HB3 pfmdr1 allele. Although verapamil, at a concentration of 30 mM and within a 40 min incubation time, did not affect the Fluo-4 phenotype, proliferation assays have found that polymorphisms within Pgh-1 can influence the parasite's susceptibility to verapamil (Hayward et al, 2005) , suggesting a possible interaction between verapamil and Pgh-1.
Investigating several genetically engineered pfmdr1 mutants confirmed the causative linkage of the food vacuolar Fluo-4 staining phenotype with certain pfmdr1 polymorph- Figure 5A ).
We further noted that the Pgh-1 protein level contributes to the food vacuolar Fluo-4 phenotype. There is a trend towards this effect in the progeny from the genetic cross, which was genetically validated by investigating FCB and its isogenic clone KD1 mdr1 . Disruption of one of the two pfmdr1 copies decreased Pgh-1 protein level in KD1 mdr1 and to the same extent reduced the Fluo-4 R vac/cyt value, albeit the overall staining pattern remained that of a food vacuolar phenotype ( Figure 4C and D) . While our data causatively link the Fluo-4 phenotype to pfmdr1, there are clear differences to mdr-mediated fluorochrome efflux in cancer cells. In tumor cells, P-gp expel the nonfluorescent esterified probe, resulting in reduced intracellular fluorescence (Homolya et al, 1993) (Figure 7A , left scheme), while in some P. falciparum parasites the fluorochrome accumulates in an intracellular compartment. These apparent differences can be reconciled when the different subcellular localizations of P-gp and Pgh-1 are considered. In tumor cells, P-gp are localized to the plasma membrane, whereas Pgh-1 mainly resides within the parasite's food vacuolar membrane (Cowman et al, 1991; Cremer et al, 1995) . On the basis of these considerations, we propose that Pgh-1, in a variant-dependent manner, pumps solutes into the food vacuole ( Figure 7A , right scheme). Inwardly directed transport is fully consistent with the predicted topology of Pgh-1, with its ATP-binding domain facing the cytoplasm (Cowman et al, 1991; Karcz et al, 1993) . Our model is supported by several independent lines of evidence: (i) the food vacuolar phenotype intensified with increasing pfmdr1 copy number ( Figure 4C and D) ; (ii) Fluo-4 AM, but more importantly, the membrane-impermeable form, Fluo-4 salt, accumulated in the food vacuoles of permeabilized erythrocytes infected with Dd2 in an ATP-dependent manner ( Figure 6B) ; and (iii) accumulation of Fluo-4 salt (permeabilized cells, Figure 6B ) and Fluo-4 AM (live cells, Figure 3 ) could be inhibited by the established P-gp inhibitor XR-9576. While P-gp transports Fluo-4 AM and only poorly the deesterified form (Szakacs et al, 1998) , Pgh-1 seems to use both Fluo-4 salt and Fluo-4 AM as substrates.
The conclusion that Pgh-1 can transport solutes into the food vacuole has major implications for the interpretation of antimalarial drug responses. The Pgh-1 variants that most effectively concentrate Fluo-4 salt/Fluo-4 AM in the food vacuole are those that have been linked to reduced susceptibility to artemisinin, halofantrine and mefloquine and increased susceptibility to quinine (Reed et al, 2000; Sidhu et al, 2005) . Conversely, parasites expressing the N 86 , F 184 , C 1034 , D 1042 , Y 1246 allelic form of pfmdr1 concentrate the least Fluo-4 salt/Fluo-4 AM in their food vacuoles and concomitantly have an increased susceptibility to mefloquine, halofantrine and possibly artemisinin (Reed et al, 2000; Sidhu et al, 2005) . Thus, the Fluo-4 staining pattern directly correlates with certain drug responses, providing a rapid cell-based diagnostic assay for pfmdr1 polymorphisms associated with various drugs. Indeed, accumulation of Fluo-4 into the food vacuole could be competed by mefloquine, halofantrine, quinine and artemisinin, but not chloroquine ( Figure 6C ). For quinine, a concentration-dependent response was established ( Figure 6D ), albeit Fluo-4 R vac/cyt values could not be reduced to the level observed in parasites with a diffuse fluorescence staining pattern, possibly because Pgh-1, like human P-gp (Shapiro et al, 1999; Shapiro and Ling, 1997) , may possess multiple transport-active and substrate-specific binding sites (in this case one for Fluo-4 salt/Fluo-4 AM and one for quinine) that may interact in a cooperative fashion. Chloroquine, a highly acidotropic compound that accumulates in the parasite's food vacuole (Yayon et al, 1984) , and possibly alkalinizing this compartment (Yayon et al, 1985) , had no effect on the food vacuolar Fluo-4 fluorescence, providing further evidence for our model that the Fluo-4 staining pattern is unrelated to pH. Our finding that chloroquine does not compete with Fluo-4 in HB3 and Dd2 is consistent with genetic and positional cloning experiments that dissociated chloroquine resistance from the Pgh-1 polymorphisms displayed by HB3 and Dd2 (Wellems et al, 1990; Sidhu et al, 2005) , although other Pgh-1 variant may directly or indirectly interact with chloroquine (Reed et al, 2000) .
On the basis of these findings, it is tempting to speculate that various forms of Pgh-1 transport several antimalarial drugs into the food vacuole. For mefloquine, halofantrine and artemisinin, it may be advantageous to the parasite to sequester these drugs in a compartment where they are less harmful. Recent evidence of possible cytoplasmic targets for artemisinin is fully consistent with this concept (EcksteinLudwig et al, 2003) . Alternatively, Pgh-1 itself may be the target of antimalarial drugs, as suggested for mefloquine (Rubio and Cowman, 1996) . In the case of quinine, its site of action is believed to be the food vacuole (Hawley et al, 1998; Mungthin et al, 1998) and concentrating the drug in this organelle may be disadvantageous; consequently, pfmdr1 polymorphisms are selected that mediate reduced drug import. Importantly, the N 1042 D substitution that has been associated with low-level quinine resistance (Sidhu et al, 2005) abrogates accumulation of Fluo-4 in the food vacuole ( Figure 5A ). In summary, our study provides evidence for Pgh-1 mediated solute import into the parasite's food vacuole in a manner that may involve interactions at several, if not all, polymorphic residues.
Materials and methods
Chemicals and antibodies
Fluo-4 AM, Fluo-4 pentapotassium salt, Fura-Red AM, LysoSensor Blue DND-192, Pluronic F-127, Alexa Fluor 680 goat anti-rabbit IgG and Alexa Fluor goat anti-mouse IgG were purchased from Molecular Probes (Netherlands). The Ca 2 þ -ionophore nigericin was purchased from Calbiochem (Germany). The P-gp inhibitor Cyclosporin A (CSA) was obtained from Sigma (Germany), ONT-093 was kindly supplied by Ontogen and XR-9576 by Xenova. Chloroquine, artemisinin and quinine were purchased from Sigma (Germany), mefloquine from Roche (Germany), and halofantrine from GalaxoSmithKline (UK). a-Tubulin clone B-5-1-2 was purchased from Sigma (Germany) and a-Pgh-1 was a kind gift from A Cowman.
P. falciparum culture P. falciparum parasites were maintained in continuous in vitro cultures (adapted from Trager and Jensen, 1976) . Live cell experiments were carried out using synchronized P. falciparum trophozoites harvested 28-34 h post invasion.
Dye loading of P. falciparum parasites Cells were washed twice with Ringer's solution (122.5 mM NaCl, 5.4 mM KCl, 1.2 mM CaCl 2 , 0.8 mM MgCl 2 , 11 mM D-glucose, 10 mM HEPES, 1 mM NaH 2 PO 4 , pH 7.4) and loaded with 5 mM Fluo-4 AM in Ringer's solution with or Fluo-4 for 40 min at 371C. Dye loaded parasites were settled onto poly-L-lysine coated coverslips in a microperfusion chamber as previously described (Wunsch et al, 1998) . Unbound parasites and remaining dye were washed away by perfusion with Ringer's solution. For the double labeling experiments, Ringer's solution was supplemented with 1 mM of the fluorescent dye LysoSensor Blue DND-192. The P-gp inhibitors verapamil (30 mM), CSA (10 mM), ONT-093 (10 and 1 mM) and XR-9576 (3 mM and 3 nM) were added to P. falciparuminfected erythrocytes 10 min prior to loading with Fluo-4 AM. For the competition assays, 100 nM of the antimalarial drugs chloroquine, mefloquine, halofantrine, quinine or artemisinin were incubated with 5 mM Fluo-4 AM for 40 min at 371C.
Selective permeabilization of the erythrocyte and parasite plasma membranes Infected erythrocytes were permeabilized by brief exposure to saponin (0.01% w/v), permeabilizing both the host cell membrane and the parasitophorous vacuole membrane (Ansorge et al, 1997; Saliba et al, 2003) and giving extracellular solutes access to the parasite plasma membrane. The plasma membrane of the parasite was permeabilized using digitonin (Krogstad et al, 1985) , permitting solutes added to the extracellular medium access to the food vacuolar membrane (Saliba et al, 2003) . Isolated parasites were suspended in 2 ml of ice-cold buffer (110 mM KCl, 30 mM NaCl, 2 mM MgCl 2 , 5 mM HEPES, pH 7.3). The cell suspension was kept on ice for 5-10 min before adding digitonin (0.02% w/v). The cells were mixed gently and returned to ice for additional 4 min, after which time 1 ml of ice-cold buffer containing 1 mg/ml bovine serum albumin (BSA) was added. The permeabilized parasites were immediately centrifuged (15 800 g) for 1 min, washed twice (1 min at 15 800 g) with 1 ml of the same BSA-containing solution, and then once in buffer without BSA. Digitonin-permeabilized parasites were suspended in buffer and placed at 371C until use (within 30 min to 1 h). Permeabilized parasites were loaded with 5 mM of either Fluo-4 AM or Fluo-4, and ATP was supplemented at 2 mM where mentioned. XR-9576 (3 mM) was added to permeabilized erythrocytes, maintained at 371C, 10 min prior to addition of the fluorochrome.
Live cell imaging
Confocal scanning fluorescence microscopy was performed using a Zeiss LSM510 (Carl Zeiss, Germany) equipped with UV and visible laser lines. Multi-Track mode was used for LysoSensor Blue DND-192 (excited at 364 nm with emission detected using the BP 385-470 nm filter, blue channel) and Fluo-4 AM or Fluo-4 (excited at 488 nm with emission using LP 505 nm filter, green channel). Optimized laser settings were excitation 488 nm with 1% transmission, and 364 nm with 2% transmission. Single images were obtained using a Â 63 lens (C-APO, N.A. ¼ 1.2) with an eight-fold software zoom at 512 Â 512 pixel. For Fluo-4 AM (or Fluo-4) labeling alone, Single-Track mode was applied using the abovementioned laser and filter. Regions of interest restricted to either the vacuole or the cytosol of the parasite were defined and fluorescence intensity quantified, using the LSM510 v3.2 software.
In situ Ca
2 þ -calibration of Fura-Red The fluorescent calcium indicator Fura-Red AM was used to measure the intracellular free calcium concentration, as described (Rohrbach et al, 2005) . Mean resting free [Ca 2 þ ] i were compared between the vacuole and the cytoplasmic area using a Student's t-test at the P ¼ 0.05 level.
Genome-wide scans
The Dd2 Â HB3 genetic cross and genetic linkage map have been previously described (Wellems et al, 1990; Su et al, 1999) . QTL linked to Fluo-4 fluorescence were analyzed using Pseudomaker (Sen and Churchill, 2001) . Significance thresholds were determined by permutation analyses (Churchill and Doerge, 1994; Lander and Kruglyak, 1995) . A secondary scan was used to search for minor QTL (Doerge and Churchill, 1996) .
Real-time PCR pfmdr1 copy number was determined by TaqMan real-time PCR using an ABI 7700. The pfmdr1 probe was FAM TM (6-carboxyfluorescein) labeled at the 5 0 -end, and the a-tubulin probe was VIC TM labeled. Both probes had a TAMRA TM label at the 3 0 -end.
Amplification reactions were carried out in MicroAmp 96-well plates in 25 ml volumes, containing TaqMan buffer, passive reference dye ROX (5-carboxy-X-rhodamine), 300 nM forward and reverse primer, 100 nM of each probe, and 100 ng purified parasite genomic DNA. Forty cycles were performed (951C for 15 s and at 581C for 1 min). Fluorescence data were expressed as normalized reporter signals, calculated by dividing the amount of reporter signal by the passive reference signal. The optimal detection threshold was determined for the assay conditions and used for every run. Results were analyzed by a delta-delta C t method. The assay was replicated four independent times and normalized to HB3, which was included in every run. Primers and probes used were: pfmdr1 sense (TTAAGTTTTACTCTAAAAGAAGGGAAAACATAT); pfmdr1 antisense (TCTCCTTCGGTTGGATCATAAAG); pfmdr1 probe (CATTTGTGGGAGAATCAGGTTGTGGGAAAT); a-tubulin sense (TGATGTGCGCAAGTGATCC); a-tubulin antisense (TCCTTTGTGGACATTCTTCCTC); a-tubulin probe (TAGCACATGCCGTTAAATATCTTCCATGTCT).
Pgh-1 expression levels
Magnet-purified trophozoite-infected erythrocytes were isolated as described (Sanchez et al, 2003) . After purification, erythrocytes were lysed by hypotonic shock at 41C (Herwaldt et al, 1990) . Protein amounts were determined using Bradford assays (BioRad, Germany). Samples were run on NuPAGE Novex Tris-Acetate gels (Invitrogen, Germany) and transferred onto a 0.2 mm PDVF membrane (BioRad, Germany). Membranes were blocked overnight at 41C using 5% milk in PBS. Primary antibodies (a-Pgh-1 and a-tubulin, both diluted 1:1000) were incubated for 1 h at RT in 1% BSA/PBS. Membranes were washed three times using PBS/0.1% Tween for 10 min at RT and then blocked again in 5% milk in PBS for 1 h. Secondary antibodies (Alexa Fluor 680 goat anti-rabbit IgG, or Alexa Fluor goat anti-mouse IgG, both diluted 1:10 000) were added to 1% BSA/PBS for 30 min at RT. After washing four times in PBS/0.1% Tween for 5 min at RT, signals were read using an Odyssey-Li-cor infrared imaging system (Li-cor Biosciences). Fluorescence intensities for Pgh-1 were normalized using fluorescence intensities measured for a-tubulin. The resulting values were then expressed in relation to HB3.
Statistical analysis
Statistical significance (P-value) was tested using the Student's ttest (Sigma Plot, SPSS software). Supplementary Table I shows pfmdr1 inheritance and copy number in various parasites. Supplementary Table II shows relevant point mutations in Pgh-1.
Online supplemental material
Supplementary data
Supplementary data are available at The EMBO Journal Online.
